The main goal of the presented work was the analysis of the interaction between deformed microstructures and friction and the wear properties of four face centered cubic (fcc) metals. Pure fcc metals such as Ag, Cu, Ni, and Al with different values of stacking fault energy (SFE) were chosen for pin-on-disk tests in lubricated conditions. Friction properties of the four fcc metals are presented herein as their Stribeck curves. The transition from elasto-hydrodynamic lubrication (EHL) to boundary lubrication (BL) regions depends mainly on the values of SFE, hardness, and contact temperature. The acoustic emission (AE) parameters were analyzed in the transition from the EHL to the BL region. The models of friction in different lubricant conditions related to the AE waveforms were proposed. The nanocrystalline top surface layers characterized the deformed structure during friction of Ag in the BL region. The lamellar cross-sectional microstructure was formed in the subsurface layers of Ag, Cu, and Ni in the friction direction. Steady state friction and wear in the BL conditions were explained by a balance between the hardening and the dynamic recovery, which was strongly dependent on the SFE and the temperature. The interaction between the deformed structure, the friction, and the wear properties of the studied metals rubbed in the BL region is discussed herein.
Introduction
Friction and wear processes are very complex phenomena based on the deep understanding of multidisciplinary and multiscale effects of contact interaction, plastic deformation, and damage development in different environmental conditions. If theoretical and experimental models of asperity contact are widely studied, the number of publications concerning the effect of plastic deformation and damage development during friction is limited. Excellent analysis of modeling and simulation in tribology was recently presented in the review from [1] , where different models based on the contact mechanics were carefully discussed, as was the importance of developing new models with consideration to the dislocation dynamic during friction. The authors conclude that, "Tribologists still need to identify key elementary processes specific to rough contacts under shear, and associated, for example, to crack nucleation and propagation, chemical reactions, or fluid-solid interactions." The dislocation structure of surface layers under dry friction was originally studied by Rigney with colleagues [2] [3] [4] [5] and Garbar [6, 7] . A strong gradient of grain sizes with depth and formation of nanocrystalline structure was observed in the surface layers. The mechanisms of plastic deformation during friction were considered by Kulhmann-Wilsdorf [8] . A plateau range of high-deformed layers was reached at the end of the running-in process of steel and was preserved in the steady friction state. [9] The structure of the high-deformed layers of the top surface layers during friction and wear was Figure 1 . The Stribeck curves in the transition from the elasto-hydrodynamic lubrication (EHL) to the boundary lubrication (BL) region for the studied metals. The insert demonstrates the details of the friction behavior at the maximal load in the BL region (the explanation is below). On the X-axis, η is viscosity, V is sliding velocity, and P is contact pressure.
Roughness parameters were measured: Ra of virgin disk-Ra = 0.07 ± 0.02 μn; Ra of virgin pinRa 0.04 ± 0.02 μm. Ra parameter of the samples after friction is shown in Table 1 . Table 1 . Ra parameters of the studied metals after friction in the BL region at maximal load.
Material
Ag Ni Cu Al Ra, μm 0.145±0.025 0.413±0.025 0.6±0.2 0.27±0.11
Roughness profiles of Ag and Ni after friction in the BL region are shown in Figure 2 .
(a) Figure 1 . The Stribeck curves in the transition from the elasto-hydrodynamic lubrication (EHL) to the boundary lubrication (BL) region for the studied metals. The insert demonstrates the details of the friction behavior at the maximal load in the BL region (the explanation is below). On the X-axis, η is viscosity, V is sliding velocity, and P is contact pressure.
Roughness parameters were measured: R a of virgin disk-R a = 0.07 ± 0.02 µn; R a of virgin pin-R a 0.04 ± 0.02 µm. R a parameter of the samples after friction is shown in Table 1 . Table 1 . R a parameters of the studied metals after friction in the BL region at maximal load.
Ag Ni Cu Al R a , µm 0.145 ± 0.025 0.413 ± 0.025 0.6 ± 0.2 0.27 ± 0.11
Roughness profiles of Ag and Ni after friction in the BL region are shown in Figure 2 . Although the surface of Ni was rougher than Ag, the wear rate of Ni was smaller. A definite correlation between SFE and friction and wear properties was revealed. The values of SFE (γ) and the results of friction tests as the maximal values of load (N) in the BL region, the coefficient of friction (CoF), the wear coefficient of pin (k), the average values of grain sizes measured by XRD, and the homological temperature (T avr /T m ) are presented in Table 2 . T avr = T b + T f , where T b and T f are bulk and flash temperature, respectively. T m is the melting temperature. Flash temperature was calculated in our previous work [70] . Table 1 . Ra parameters of the studied metals after friction in the BL region at maximal load.
Roughness profiles of Ag and Ni after friction in the BL region are shown in Figure 2 . Although the surface of Ni was rougher than Ag, the wear rate of Ni was smaller.
A definite correlation between SFE and friction and wear properties was revealed. The values of SFE (γ) and the results of friction tests as the maximal values of load (N) in the BL region, the coefficient of friction (CoF), the wear coefficient of pin (k), the average values of grain sizes measured by XRD, and the homological temperature (Tavr/Tm) are presented in Table 2 . Tavr = Tb + Tf, where Tb and Tf are bulk and flash temperature, respectively. Tm is the melting temperature. Flash temperature was calculated in our previous work [70] . Table 2 . The values of stacking fault energy (SFE), maximal values of load (N) in the BL region, the coefficient of friction (CoF), the wear coefficient of pin (k), the hardness after friction (Hs), the average grain size (d), and the homological temperature (Tavr/Tm). Wear coefficient is k = W × H, where W is wear loss (mm 3 /Nm) and H is hardness after friction. It was seen that the transition from the EHL to the BL region occurred at different loads and correlated with the SFE, excluding Al; the lower the SFE was, the lower the load of the transition region and the maximal load of friction in the BL region was. Interestingly, for Cu and Ni (middle and high SFE), the maximal load in the BL region was significantly larger than the load for Ag (low SFE). An inverse proportional connection was observed between the wear coefficient and the nondimensional SFE parameter; the larger the SFE was, the smaller the value of the wear coefficient was, excluding Al ( Figure 3 ). This suggested that the dependences were determined by the structural evolution depending on the contact pressure and the SFE at a definite homological temperature. Although the maximal loads in the BL region were different for studied materials, the homological temperature was about the same (~0.3) for all studied metals except Al (>0.3). It was seen that the transition from the EHL to the BL region occurred at different loads and correlated with the SFE, excluding Al; the lower the SFE was, the lower the load of the transition region and the maximal load of friction in the BL region was. Interestingly, for Cu and Ni (middle and high SFE), the maximal load in the BL region was significantly larger than the load for Ag (low SFE). An inverse proportional connection was observed between the wear coefficient and the non-dimensional SFE parameter; the larger the SFE was, the smaller the value of the wear coefficient was, excluding Al ( Figure 3 ). This suggested that the dependences were determined by the structural evolution depending on the contact pressure and the SFE at a definite homological temperature. Although the maximal loads in the BL region were different for studied materials, the homological temperature was about the same (~0.3) for all studied metals except Al (>0.3).
SFE,
The effect of steady-state grain size, d s , on the wear coefficient is outlined in Figure 4 . It could be seen that Ag with a minimal value of SFE was refined up to a minimal value of grain size during severe plastic deformation in the BL region, while the maximal value of grain size appeared for Al with a maximal value of SFE. It should be noted that all fcc metals-except Al-rubbed at close to the same homological temperature (≤0.3) in the BL region, and thus friction and wear were determined by the evolution of deformed structure and damage development in our simplified model. Since SFE strongly affected plastic deformation and thus grain size, the interaction between these parameters was considered ( Figure 5 ). The effect of steady-state grain size, ds, on the wear coefficient is outlined in Figure 4 . It could be seen that Ag with a minimal value of SFE was refined up to a minimal value of grain size during severe plastic deformation in the BL region, while the maximal value of grain size appeared for Al with a maximal value of SFE. It should be noted that all fcc metals-except Alrubbed at close to the same homological temperature (≤0.3) in the BL region, and thus friction and wear were determined by the evolution of deformed structure and damage development in our simplified model. Since SFE strongly affected plastic deformation and thus grain size, the interaction between these parameters was considered ( Figure 5 ). The effect of steady-state grain size, ds, on the wear coefficient is outlined in Figure 4 . It could be seen that Ag with a minimal value of SFE was refined up to a minimal value of grain size during severe plastic deformation in the BL region, while the maximal value of grain size appeared for Al with a maximal value of SFE. It should be noted that all fcc metals-except Alrubbed at close to the same homological temperature (≤0.3) in the BL region, and thus friction and wear were determined by the evolution of deformed structure and damage development in our simplified model. Since SFE strongly affected plastic deformation and thus grain size, the interaction between these parameters was considered ( Figure 5 ). A strong correlation between non-dimensional grain size and SFE was observed.
Analysis of Acoustic Emission in the Transition from EHL to BL Conditions
To better understand the mechanisms of friction in the EHL and the BL regions, the AE signals were evaluated for metals with low and high SFE (Ag and Ni, [70] ). The AE waveforms were evaluated in the EHL and the BL regions ( Figure 6 ). A strong correlation between non-dimensional grain size and SFE was observed. 
To better understand the mechanisms of friction in the EHL and the BL regions, the AE signals were evaluated for metals with low and high SFE (Ag and Ni, [70] ). The AE waveforms were evaluated in the EHL and the BL regions ( Figure 6 ). Figure 5 . The interaction between the grain size of the studied metals after friction in the BL region and SFE.
A strong correlation between non-dimensional grain size and SFE was observed.
To better understand the mechanisms of friction in the EHL and the BL regions, the AE signals were evaluated for metals with low and high SFE (Ag and Ni, [70] ). The AE waveforms were evaluated in the EHL and the BL regions ( Figure 6 ). Figure 6d ). It was expected that two different amplitudes characterized different processes of plastic deformation and damage development. At this stage, it was reasonable to anticipate that low-frequency AE signals mainly characterized the shearing in macroscale, while high-frequency signals indicated the plastic deformation in microscale. The AE waveforms during friction in the EHL and the BL regions were carefully analyzed. If the same low-frequency ranges (8-12 kHz) were observed during friction of Ag and Ni in the EHL region, the principal difference was revealed in the BL region: 8-16 kHz and 8-512 kHz for Ag and Ni, respectively.
The interesting phenomenon of jumps in the friction force during tests in the BL region for Ni and Cu (see insert in Figure 1 ) was carefully studied. The friction coefficient for Ni was decreased from the maximal value (µ = 0.08) at a relatively high average temperature (103 • C) compared to that at the low friction point (µ = 0.05). At this point, the temperature was decreased to about 50 • C, leading to increased viscosity and the transition to mixed lubrication (ML). Interestingly, the height of jumps was decreased with the SFE decreasing (Cu) and was diminished for Ag. It was assumed that a friction force decreasing in the range of jumps was determined by the softening of high-deformed thin layers. In order to evaluate the process of softening occurring in the relatively high temperature during friction of Ni in the BL region, the samples were heated after friction in steps of 20 • C with measurements of the hardness values taken at each temperature. It was found that the hardness of Ni after friction in the BL and following annealing at the contact temperature, T = 240 • C (~0.14T m ), was decreased from 2700 MPa to 1700 MPa. A similar phenomenon of dynamic recrystallization of the grain refined Cu was observed at T = 153 • C [76] . In order to better understand the transition from one lubricant region to another, the sliding velocity in the BL region was increased from 300 rpm to 800 rpm (Figure 7) . At the maximal sliding velocity, the friction coefficient was decreased practically to the same shape as the EHL waveform (µ = 0.02), which confirmed the relative ease of shearing in the direct contact spots (Figure 6b ). In the BL region of Ni, the number of contact spots increased, and the values of the low frequency waves (f m ) were also increased. recrystallization of the grain refined Cu was observed at T = 153 °C [76] . In order to better understand the transition from one lubricant region to another, the sliding velocity in the BL region was increased from 300 rpm to 800 rpm (Figure 7) . At the maximal sliding velocity, the friction coefficient was decreased practically to the same shape as the EHL waveform (μ = 0.02), which confirmed the relative ease of shearing in the direct contact spots (Figure 6b ). In the BL region of Ni, the number of contact spots increased, and the values of the low frequency waves (fm) were also increased. Thus, it was suggested that the jumps in the friction force of metals with relatively high SFE were associated with deformation hardening and dynamic recovery in the BL region.
Deformed Structure of Studied fcc Metals after Friction in the BL Region
Cross-sectional images of deformed surface layers after friction in the BL region were studied parallel and perpendicular to the direction of friction [72, 73] . The TEM cross-sectional images of thin surface layers parallel to the direction of friction are shown in Figure 8 . Thus, it was suggested that the jumps in the friction force of metals with relatively high SFE were associated with deformation hardening and dynamic recovery in the BL region.
Cross-sectional images of deformed surface layers after friction in the BL region were studied parallel and perpendicular to the direction of friction [72, 73] . The TEM cross-sectional images of thin surface layers parallel to the direction of friction are shown in Figure 8 .
20 °C with measurements of the hardness values taken at each temperature. It was found that the hardness of Ni after friction in the BL and following annealing at the contact temperature, T = 240 °C (~0.14Tm), was decreased from 2700 MPa to 1700 MPa. A similar phenomenon of dynamic recrystallization of the grain refined Cu was observed at T = 153 °C [76] . In order to better understand the transition from one lubricant region to another, the sliding velocity in the BL region was increased from 300 rpm to 800 rpm (Figure 7) . At the maximal sliding velocity, the friction coefficient was decreased practically to the same shape as the EHL waveform (μ = 0.02), which confirmed the relative ease of shearing in the direct contact spots (Figure 6b ). In the BL region of Ni, the number of contact spots increased, and the values of the low frequency waves (fm) were also increased.
(a) (b) Figure 7 . (a) The AE waveforms after friction of Ni in the mixed lubrication (ML) region (n = 300 rpm, N = 1710 N) and (b) the transition to the EHL region (n = 800 rpm, N = 1710 N).
Thus, it was suggested that the jumps in the friction force of metals with relatively high SFE were associated with deformation hardening and dynamic recovery in the BL region.
Cross-sectional images of deformed surface layers after friction in the BL region were studied parallel and perpendicular to the direction of friction [72, 73] . The TEM cross-sectional images of thin surface layers parallel to the direction of friction are shown in Figure 8 . The size of grains and the thickness of high-deformed layers after friction depended mainly on the SFE. With SFE increasing from Ag to Cu and Ni, the thickness of these layers decreased. The average grain size increased from ~20 nm for Ag to 100-300 nm for Cu and Ni (Figure 8b,c) . The subgrains in the top layers of Cu and Ni were confined by well-developed boundaries and a large amount of dislocation tangles in their interior. The average grain size of the top surface layers increased from ~100-200 nm for Cu and Ni to 1-3 μm below the damaged layer for Al. Friction of Al was accompanied by strong oxidation of the top surface layers [71] . It was shown that these layers could present well-pressed and sheared Al oxidized wear particles and some penetrated wear iron The size of grains and the thickness of high-deformed layers after friction depended mainly on the SFE. With SFE increasing from Ag to Cu and Ni, the thickness of these layers decreased. The average grain size increased from~20 nm for Ag to 100-300 nm for Cu and Ni (Figure 8b,c) . The subgrains in the
top layers of Cu and Ni were confined by well-developed boundaries and a large amount of dislocation tangles in their interior. The average grain size of the top surface layers increased from~100-200 nm for Cu and Ni to 1-3 µm below the damaged layer for Al. Friction of Al was accompanied by strong oxidation of the top surface layers [71] . It was shown that these layers could present well-pressed and sheared Al oxidized wear particles and some penetrated wear iron particles (Figure 8d ). The size of noted wear particles was~0.5-1 µm. Therefore, the behavior of Al during friction was different in comparison to other studied metals. Frequency distributions of grain sizes in the depth close to 500 nm for Ag and Ni (minimal and maximal SFE) are shown in Figure 9 [72] .
arrows.
The (Figure 8b,c) . The subgrains in the top layers of Cu and Ni were confined by well-developed boundaries and a large amount of dislocation tangles in their interior. The average grain size of the top surface layers increased from ~100-200 nm for Cu and Ni to 1-3 μm below the damaged layer for Al. Friction of Al was accompanied by strong oxidation of the top surface layers [71] . It was shown that these layers could present well-pressed and sheared Al oxidized wear particles and some penetrated wear iron particles (Figure 8d ). The size of noted wear particles was ~0.5-1 μm. Therefore, the behavior of Al during friction was different in comparison to other studied metals. Frequency distributions of grain sizes in the depth close to 500 nm for Ag and Ni (minimal and maximal SFE) are shown in Figure 9 [72].
(a) (b) Figure 9 . Frequency distribution of grain sizes in the depth of 500 nm for Ag (a) and Ni (b) after friction in the BL region.
The maximal amount of grains for Ag with sizes 30-60 nm was observed in the depth of 500 nm (Figure 9a ), while friction of Ni was characterized by a much larger range of grain sizes (~170-370 nm) (Figure 9b ). With depth of deformation, a transition to lamellar structure for Ag, Cu, and Ni was revealed ( Figure 10 ). The lamellar structure consisted of strongly elongated subgrain/cells containing a high number of dislocations separated by sharp grain boundaries. The microcracks appeared in some grain boundaries. The lamellar structure was absent in Al surface layers.
In order to better understand the evolution of grain structure developed in normal and parallel directions to friction and the formation of pores in the top layers of Ag, the TEM cross-sectional microstructures were studied. In fact, the dominant normal pressure was mainly affected in the direction perpendicular to the friction, while both the normal pressure and the shear stress were applied together in the direction parallel to the friction. BF TEM images of the deformed The lamellar structure consisted of strongly elongated subgrain/cells containing a high number of dislocations separated by sharp grain boundaries. The microcracks appeared in some grain boundaries. The lamellar structure was absent in Al surface layers.
In order to better understand the evolution of grain structure developed in normal and parallel directions to friction and the formation of pores in the top layers of Ag, the TEM cross-sectional microstructures were studied. In fact, the dominant normal pressure was mainly affected in the direction perpendicular to the friction, while both the normal pressure and the shear stress were applied together in the direction parallel to the friction. BF TEM images of the deformed microstructures parallel and perpendicular to the direction of friction for Ag are shown in Figure 11 . Figure 10 . Cross-sectional TEM images demonstrate the transitions from practically equiaxial to lamellar microstructure of Ag (a) and from the inhomogeneous to the lamellar microstructure of Ni (b). Direction of friction is indicated by the arrow.
The lamellar structure consisted of strongly elongated subgrain/cells containing a high number of dislocations separated by sharp grain boundaries. The microcracks appeared in some grain boundaries. The lamellar structure was absent in Al surface layers.
In order to better understand the evolution of grain structure developed in normal and parallel directions to friction and the formation of pores in the top layers of Ag, the TEM cross-sectional microstructures were studied. In fact, the dominant normal pressure was mainly affected in the direction perpendicular to the friction, while both the normal pressure and the shear stress were applied together in the direction parallel to the friction. BF TEM images of the deformed microstructures parallel and perpendicular to the direction of friction for Ag are shown in Figure 11 .
(a) (b) Figure 11 . TEM images of cross-sectional microstructure of Ag oriented normally (a) and parallel (b) to the friction direction.
Importantly, the lamellar microstructure clearly appeared in the cross-sectional microstructure for Ag parallel to the direction of friction and was practically absent in the sample normally oriented to the friction direction. More remarkably, pores and microcracks were observed mainly in the deformed microstructure parallel to the friction direction. Importantly, the lamellar microstructure clearly appeared in the cross-sectional microstructure for Ag parallel to the direction of friction and was practically absent in the sample normally oriented to the friction direction. More remarkably, pores and microcracks were observed mainly in the deformed microstructure parallel to the friction direction.
Damage Development during Friction in the BL Conditions
Damage development in the considered model was mainly determined by plastic deformation at a definite contact temperature. Damage development in the top surface layers of Ag (low SFE) and Ni (high SFE) during friction in the BL region is shown in Figure 12 .
The pores and microcracks appeared in the boundary of lamellas under friction of Ag (Figure 11b,  Figure 12a ). This phenomenon is usually observed during large plastic deformation of metals with low SFE when the number of gliding dislocation systems is limited. A principally different picture was revealed under friction of Cu and Ni. For instance, plastic deformation of Ni in the top layers was accompanied by the formation of relatively large grains with a high density of dislocations inside and in the boundaries of grains. Lamellar structure was absent in the top surface layers of Ni and appeared in the depth of about 1 µm when the effect of normal pressure due to compression was diminished. The microcracks were formed in the high angle boundaries in shear bands of the subsurface layers. Apparently, high dislocation accumulation in the top layers of Ni was accompanied by specific annihilation of dislocations at a relatively high contact temperature that could decelerate the development of cracks during the formation of wear particles. 
Damage development in the considered model was mainly determined by plastic deformation at a definite contact temperature. Damage development in the top surface layers of Ag (low SFE) and Ni (high SFE) during friction in the BL region is shown in Figure 12 . The pores and microcracks appeared in the boundary of lamellas under friction of Ag (Figures  11b, 12a ). This phenomenon is usually observed during large plastic deformation of metals with low SFE when the number of gliding dislocation systems is limited. A principally different picture was revealed under friction of Cu and Ni. For instance, plastic deformation of Ni in the top layers was accompanied by the formation of relatively large grains with a high density of dislocations inside and in the boundaries of grains. Lamellar structure was absent in the top surface layers of Ni and appeared in the depth of about 1 μm when the effect of normal pressure due to compression was diminished. The microcracks were formed in the high angle boundaries in shear bands of the subsurface layers. Apparently, high dislocation accumulation in the top layers of Ni was accompanied by specific annihilation of dislocations at a relatively high contact temperature that could decelerate the development of cracks during the formation of wear particles.
(a) (b) Figure 13 . SEM images of damaged surfaces of Ag (a) and Cu (b) after friction in the BL region [71] .
SEM images of Ag and Cu surfaces after friction in the BL region are shown in Figure 13 . It was clearly seen that the formation of wear particles was a result of joining pores and microcracks, while the delamination of the thin film was a dominant mechanism of damage SEM images of Ag and Cu surfaces after friction in the BL region are shown in Figure 13 . The pores and microcracks appeared in the boundary of lamellas under friction of Ag (Figures  11b, 12a ). This phenomenon is usually observed during large plastic deformation of metals with low SFE when the number of gliding dislocation systems is limited. A principally different picture was revealed under friction of Cu and Ni. For instance, plastic deformation of Ni in the top layers was accompanied by the formation of relatively large grains with a high density of dislocations inside and in the boundaries of grains. Lamellar structure was absent in the top surface layers of Ni and appeared in the depth of about 1 μm when the effect of normal pressure due to compression was diminished. The microcracks were formed in the high angle boundaries in shear bands of the subsurface layers. Apparently, high dislocation accumulation in the top layers of Ni was accompanied by specific annihilation of dislocations at a relatively high contact temperature that could decelerate the development of cracks during the formation of wear particles.
SEM images of Ag and Cu surfaces after friction in the BL region are shown in Figure 13 . It was clearly seen that the formation of wear particles was a result of joining pores and microcracks, while the delamination of the thin film was a dominant mechanism of damage Figure 13 . SEM images of damaged surfaces of Ag (a) and Cu (b) after friction in the BL region [71] .
It was clearly seen that the formation of wear particles was a result of joining pores and microcracks, while the delamination of the thin film was a dominant mechanism of damage development during friction of Cu and Ni. Ploughing tracks were also observed on the rubbed surfaces. The size of wear particles was analyzed by SEM. Many wear particles were found in the agglomerated state. However, the magnified images showed the size of wear particles changed from about 200 nm to 2-3 µm. We did not find a major difference in the average size of wear particles. Certainly, the formation and development of cracks in the deformed microstructure during friction is a complex problem that will require further careful analysis.
Discussion
The interaction between the friction properties (Stribeck curves) and the deformed structure of studied metals was considered. The same CoF (µ~0.02) was observed in the EHL region for Ag, Cu, and Ni. With a loading, the transition from the EHL to the BL region occurred under different contact loads depending on the values of SFE and original hardness. The transition from the EHL region was usually characterized by the activation of plastic deformation in the contact spots, leading to increased CoF and wear rate. In the transition to the BL region, the nanocrystalline structure was formed in the top surface layers of Ag. This deformation structure with fairly equal grains and a large number of pores mainly in grain boundaries was preserved during loading in the BL region. Dynamic recovery was not observed in the top surface layers of Ag. Apparently, the dynamic recovery was limited due to cross-slip and splitting of full dislocations into partials containing a wide stacking fault ribbon during friction of Ag, similar to the SPD processes in metal and alloys with low SFE [76] [77] [78] . The limited dynamic recovery indicated a large hardening rate in the surface layers of Ag, thus explaining the low load in the transition from the EHL to the BL region. In comparison to Ag, the loads of transition to the BL region were significantly larger for Cu and Ni ( Table 2) . Friction of Cu and Ni was accompanied by the formation of inhomogeneous microstructures with large and small grains in the top surface layers. This was similar to the microstructure achieved due to thermally activated processes of rearrangement and annihilation of dislocations for fcc metals with relatively high values of SFE and contact temperature (382 and 540 K for Cu and Ni, respectively). Formation of the inhomogeneous structures indicated the dynamic recovery occurring during friction of Cu and Ni in the BL region. In fact, the hardness of the deformed layers of Ni was significantly decreased after annealing of the deformed structure of the surface layers at a relatively low temperature (0.14T m ), similar to that observed during annealing of refined Cu after refinement [79] . The hardness decrease and the formation of inhomogeneous structures with large and small grain structures at a low temperature indicated the dynamic recovery in the surface layers.
It was shown that the inhomogeneous structure provided both the high strength and the ductility of deformed metals and alloys [36, 40] . Therefore, it was reasonable to anticipate that high wear resistance of Cu and Ni in relation to Ag was obtained due to the high strength and the ductility of the inhomogeneous structure.
Friction in the BL region was characterized by a steady-friction state when a constant value of CoF was preserved with loading. This steady-state region was determined by the balance between accumulation and annihilation of dislocations or balance between hardening and softening [70] [71] [72] [73] . This balance strongly depended on SFE and contact temperature.
High hardness indicated localization of the deformation in the thin surface layers, while definite softening led to ease shearing. The presented simplified model was based on the simultaneous deformation hardening and softening during friction in the BL region. Based on the analysis of the deformed microstructure of four fcc metals during friction in the BL region, it was concluded [71] that:
where H s is the hardness after friction, and H v is the hardness before the friction. Remarkably, the final value of hardness was determined both by the maximal value of hardening, H hardening , and the specific value of softening, H softening , at close to the same homological temperatures. Again, this simplified model was based on the dominant role of plastic deformation and damage development during friction in the BL region when the effect of tribochemistry in a smooth contact asperity was limited. The results of wear experiments for four fcc metals indicated much lower values of wear coefficients for the metals with higher values of SFE (Cu and Ni), excluding Al. The main problem in the application of the presented model was a difficulty in the evaluation of the structural parameters determining the deformation hardening and the dynamic recovery.
Friction and wear were determined both by the normal pressure and the shear stress. In order to better understand the effect of shear stress and normal pressure on the deformed microstructure, cross-sectional TEM images, oriented normally and parallel to the direction of friction, were compared. Formation of the lamellar structure in the direction of friction indicated the dominant role of shear stress in the direction of friction. Lamellar structure and shear bands ultimately led to instability and damage development during friction and wear. From the other side, the dynamic recovery responsible for ease shearing improved the lubricity of the surface layers.
The main dominant mechanisms of damage development during friction of Ag, Cu, and Ni were delamination and ploughing. It was expected that the size of single wear particles would be close to the grain size. In our evaluation, the single wear particles were close to 200 nm. However, many wear particles were in the agglomerated state. Recent analysis of wear particles during friction of steel-brass and steel-steel sliding pairs in the BL region showed wear particles close to 200 nm [80] . TEM analysis of the grain sizes in the deformed surface layers varied from 20 to 400 nm. Therefore, it could be suggested that the wear particles corresponded to the sizes of grain in the studied metals during friction in the BL conditions.
Friction and wear properties of Al, as well as the damage development, were different in comparison to Ag, Cu, and Ni and were determined by strong oxidation of surface layers with the formation of a thick third body of pressed wear particles [73] .
In order to evaluate the transition from one lubricant region to another, AE signals were estimated. Noise signals appeared just in the point of mechanical interaction of the contact spots. The models of contact interaction during friction in the EHL and the BL conditions were considered based on the analysis of the AE parameters (Figures 14-16 ) [70] .
cross-sectional TEM images, oriented normally and parallel to the direction of friction, were compared. Formation of the lamellar structure in the direction of friction indicated the dominant role of shear stress in the direction of friction. Lamellar structure and shear bands ultimately led to instability and damage development during friction and wear. From the other side, the dynamic recovery responsible for ease shearing improved the lubricity of the surface layers.
The main dominant mechanisms of damage development during friction of Ag, Cu, and Ni were delamination and ploughing. It was expected that the size of single wear particles would be close to the grain size. In our evaluation, the single wear particles were close to 200 nm. However, many wear particles were in the agglomerated state. Recent analysis of wear particles during friction of steelbrass and steel-steel sliding pairs in the BL region showed wear particles close to 200 nm [80] . TEM analysis of the grain sizes in the deformed surface layers varied from 20 to 400 nm. Therefore, it could be suggested that the wear particles corresponded to the sizes of grain in the studied metals during friction in the BL conditions.
In order to evaluate the transition from one lubricant region to another, AE signals were estimated. Noise signals appeared just in the point of mechanical interaction of the contact spots. The models of contact interaction during friction in the EHL and the BL conditions were considered based on the analysis of the AE parameters (Figures 14-16 ) [70] . At the points of direct contact, the level of AE signals increased. An absence of high frequency signals indicated the limited plastic deformation in the EHL conditions. During friction of Ag in the BL region, the low frequency wave was just increased from 2.5 kHz in the EHL to 5 kHz under the BL conditions ( Figure 15 ). At the points of direct contact, the level of AE signals increased. An absence of high frequency signals indicated the limited plastic deformation in the EHL conditions. During friction of Ag in the BL region, the low frequency wave was just increased from 2.5 kHz in the EHL to 5 kHz under the BL conditions ( Figure 15) .
Friction of Cu and Ni in the BL region occurred at relatively high loads, leading to a larger number of contact spots and therefore to an increase in low-frequency AE signals (Figure 16 ). In the insert, the direct contact of a single contact spot at the microscale level is presented.
High-frequency AE signals (red color) indicated severe plastic deformation during friction of Ni in the BL region. Thus, the AE analysis clearly demonstrated the transition from one contact region to another, conveying a qualitative estimation of the dominant mechanisms of deformation (elastic or plastic) during friction and a correlation between the geometrical parameters in macro-and micro-scales. New experimental results are needed for better understanding the interaction between deformation microstructure, damage development, and geometrical parameters of contact. At this stage, an application of pure oils allows any simplification in the analysis of phenomena as complex as friction and wear. Friction of Cu and Ni in the BL region occurred at relatively high loads, leading to a larger number of contact spots and therefore to an increase in low-frequency AE signals (Figure 16 ). In the insert, the direct contact of a single contact spot at the microscale level is presented.
High-frequency AE signals (red color) indicated severe plastic deformation during friction of Ni in the BL region. Thus, the AE analysis clearly demonstrated the transition from one contact region to another, conveying a qualitative estimation of the dominant mechanisms of deformation (elastic or plastic) during friction and a correlation between the geometrical parameters in macro-and microscales. New experimental results are needed for better understanding the interaction between deformation microstructure, damage development, and geometrical parameters of contact. At this stage, an application of pure oils allows any simplification in the analysis of phenomena as complex as friction and wear.
Conclusions
A simplified model of interaction between the deformed microstructure and the friction and wear properties of four fcc metals rubbed in lubricated conditions was presented. The effects of SFE and contact temperature on the deformed microstructures of Ag, Cu, Ni, and Al during friction in the BL region were analyzed. Friction properties of four fcc metals were presented as the Stribeck curves. The transition from the EHL to the BL regions was determined by activation of plastic deformation in the contact spots depending mainly on the values of SFE and contact temperature. 
A simplified model of interaction between the deformed microstructure and the friction and wear properties of four fcc metals rubbed in lubricated conditions was presented. The effects of SFE and contact temperature on the deformed microstructures of Ag, Cu, Ni, and Al during friction in the BL region were analyzed. Friction properties of four fcc metals were presented as the Stribeck curves. The transition from the EHL to the BL regions was determined by activation of plastic deformation in the contact spots depending mainly on the values of SFE and contact temperature. Friction of Cu and Ni was associated with deformation hardening and dynamic recovery at a relatively high contact temperature.
The AE parameters were analyzed in the transition from the EHL to the BL region. The models of contact interaction during friction in the EHL and the BL regions were proposed. The AE models clearly demonstrated the transition from one contact region to another, as well as provided a qualitative estimation of the dominant mechanisms of deformation (elastic or plastic) during friction and a correlation between the geometrical parameters in macro-and micro-scales.
A strong gradient of grain sizes during friction of four fcc metals was revealed by TEM imaging. Thermally activated processes of rearrangement and annihilation of dislocations were accelerated during friction of Cu and Ni due to relatively high values of SFE and contact temperature. Surface regions of Cu and Ni samples consisted of inhomogeneous microstructures with a wide range of grain sizes. If fairly equal ultrafine grains were observed in the cross-sectional microstructure oriented normally to the friction direction, the lamellar cross-sectional microstructure characterized the shearing in the direction parallel to the friction. Steady-state friction in the BL conditions was explained by a balance between the hardening and the dynamic recovery, which was strongly dependent on SFE and temperature. According to simplified structural models of friction in lubricated conditions, the best wear properties of fcc studied metals were determined by high hardening and a specific value of softening.
